Abstract Fractures allow crystalline rocks to store and transport fluids, but fracture permeability can also be influenced significantly by the existence or absence of gouge and by stress history. To investigate these issues, we measured the water permeability of macrofractured basalt samples unfilled or infilled with gouge of different grain sizes and thicknesses as a function of hydrostatic stress and also under cyclic stress conditions. In all experiments, permeability decreased with increasing effective pressure, but unfilled fractures exhibited a much greater decrease than gouge-filled fractures. Macrofractures filled with fine-grained gouge had the lowest permeabilities and exhibited the smallest change with pressure. By contrast, the permeability changed significantly more in fractures filled with coarser-grained gouge. During cyclic pressurization, permeability decreased with increasing cycle number until reaching a minimum value after a certain number of cycles. Permeability reduction in unfilled fractures is accommodated by both elastic and inelastic deformation of surface asperities, while measurements of the particle size distribution and compaction in gouge-filled fractures indicate only inelastic compaction. In fine-grained gouge this is accommodated by grain rearrangement, while in coarser-grained gouge it is the result of both grain rearrangement and comminution. Overall, sample permeability is dominated by the gouge permeability, which decreases with increasing thickness and is also sensitive to the grain size and its distribution. Our results imply that there is a crossover depth in the crust below which the permeability of well-mated fractures (e.g., joints) becomes lower than that of gouge-filled fractures (e.g., shear faults).
gouges having the lowest permeabilities, while serpentine-rich and coarser grained nonclay gouges had the highest permeability. Faulkner and Rutter [2000] reported that pressure cycling also reduced the permeability of clay-bearing gouge but that a constant minimum value was eventually reached after multiple pressure cycles.
However, much of this previous work has focused on gouge of either a fixed grain size or a narrow grain-size fraction. Few studies have investigated the effect of gouge thickness on fracture permeability, even though this is considered to be an important factor influencing the sealing capacity of faults [Deming, 1994; Watts, 1987] . Furthermore, in spite of the limited work of Morrow et al. [1984] and Faulkner and Rutter [2000] , there remain many unanswered questions about the role that particle size distribution, gouge thickness, and pressure cycling play in influencing fracture permeability. In this study, we have therefore investigated systematically the permeability evolution within macrofractures in basalt, either unfilled or filled with synthetic fault gouge of varying particle size distribution and thickness. We also compare the permeability evolution during a single hydrostatic pressure cycle and multiple pressure cycles.
Experimental Materials and Methodology

Sample Material and Sample Preparation
To study the effect of gouge on fluid flow through macrofractures, it was important to minimize the influence of the matrix permeability. We therefore selected a rock with a very low matrix permeability, namely, Seljadalur basalt (SB) previously used by Nara et al. [2011] and Nara et al., 2013 . SB has no visible preexisting microfractures or macrofractures, a density of 2900 kg/m 3 AE 10 kg/m 3 , a porosity of around 4%, and, importantly, a very low permeability of around 10 À20 m 2 . It is an intrusive, tholeiitic basalt from southeast Iceland [Eccles et al., 2005] , and mainly composed of an intergranular matrix of plagioclase, granular pyroxene, and iron oxides. Partially oriented plagioclase microphenocrysts are found along with a rare abundance of augite, olivine, and an interstitial glass phase.
Cylindrical core samples, 38 mm in diameter and 38 mm in length, were first prepared from the same batch of SB as that used in Nara et al. [2011] and Nara et al., 2013 (Figure 1a) . We then used the Brazil disk technique to introduce axial macrofractures across the diameter of previously intact samples. During this process, three layers of 0.3 mm thick adhesive tape were wrapped around the circumference of each sample as this minimized the tendency for multiple fractures to be generated. Only samples with a single, diametral macrofracture and no other visible fractures were chosen for our permeability experiments ( Figure 1b ).
Natural fault gouges contain a distribution of grain sizes below some upper limit [Sammis et al., 1986] . Progressive evolution of gouge generally produces material with increasingly finer particle sizes before reaching a comminution limit at which grain size reduction ceases [An and Sammis, 1994; Cladouhos, 1999; Kendall, 1978; Michibayashi, 1996] . To study the effect of fracture-fill on permeability, we crushed and milled pieces of SB to create a series of synthetic fault gouges with different grain size distributions, with longer milling times producing finer gouges. We then used sieves with mesh sizes ranging from 63 μm to 500 μm to sort the milled material into the desired size fractions of ≤63 μm, ≤108 μm, ≤125 μm, ≤250 μm, and ≤500 μm. 
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To facilitate sample preparation, we added one drop of distilled water for every 10 g of the synthetic gouge, which ensured wetting but without saturation. A given thickness of the wetted gouge was then applied to one half of the previously macrofractured sample and the other half sample placed on top to produce a "sandwich" sample ( Figure 1c ). The sandwich sample was then placed within an elastomer jacket which holds the sample together by providing a small initial compressive load. Pore fluid distribution disks were placed over each end of the sample and within the elastomer jacket to allow water flow but to prevent any loss of gouge material. By introducing a layer of gouge, the sample diameter perpendicular to the fracture is increased by the layer thickness as shown in Figure 1d , where D is the initial sample diameter (38 mm) and T G is the thickness of the gouge layer. The overall thickness (D + T g ) was measured using a Vernier caliper before the sandwich sample was placed in the jacket, with the error in measurement of the gouge layer thickness being less than 0.01 mm. Finally, the complete sample assembly was placed in a hydrostatic permeameter for testing.
Methodology 2.2.1. Permeability Measurement
All permeability measurements were made in a servo-controlled permeameter using the steady state flow method, as shown schematically in Figure 2 . The system utilizes a 200 MPa hydrostatic pressure vessel connected to two 70 MPa servo-controlled pore fluid intensifiers. The jacketed sample assembly is placed inside the pressure vessel and fixed between two stainless steel end caps. A preset pore fluid pressure gradient ensures fluid flow through the sample. In all experiments, deionized water was used as the pore fluid, and silicone oil was used as the confining pressure fluid. To eliminate the influence of temperature-induced pressure fluctuations, the permeameter is located in a temperature-controlled laboratory (18°C). During all permeability measurements of this study the mean pore pressure was held at 4 MPa with a 1 MPa pore pressure difference set between the upstream and downstream intensifiers. We calculated effective pressure (P eff ) from the simple effective pressure law: P eff = P c -ɑ.P f where P c is the applied confining pressure, P f is the mean pore fluid pressure, and the poroelastic constant ɑ = 1 [Morrow et al., 1986] . The confining pressure was not servo controlled but was set to the desired value at the start of each experimental step and maintained constant throughout that step. In this study, the effective pressure was varied from 5 MPa to 60 MPa by stepwise changes in the confining pressure while maintaining a constant pore fluid pressure. The resolutions of P c and P f are both 0.01 MPa. Following each change in pressure, the system was held at that constant pressure until steady state flow was achieved before making any measurements (the minimum hold time being 30 min). Sample permeability k was calculated from the volumetric flow rate of the pore fluid Q, the fluid viscosity μ, the cross-sectional area of the sample A, and the pressure difference ΔP across the sample of length L, by direct application of Darcy's law:
All permeability data are reported as "sample" permeabilities. That is, the value for A in equation (1) is the total cross-sectional area of the sample. For samples with unfilled fractures (no gouge) this is simply the circular cross-sectional area of the core, but for samples with gouge-filled fractures it is this circular cross section plus the cross-sectional area of the gouge layer. To reduce the computation errors and take the compaction of gouge into consideration during experiments, the thickness of the gouge layer used to calculate the cross-sectional area in equation (1) is the mean of the initial gouge thickness and the final gouge thickness measured after the end of each permeability experiment (i.e., after 1 or N pressure cycles).
Particle Size Analysis
Analysis of the particle size distribution (PSD) of our synthetic gouges was determined using a Malvern Instruments Ltd., Mastersizer APA 2000 laser diffraction apparatus, using the Mie theory of light scattering. Particle sizes are reported as volume equivalent sphere diameters. To improve the dispersion of grains within the gouge, the apparatus is equipped with a Hydro 2000S-AWA2001 dispersion unit. To ensure measurement accuracy, all PSD measurements in this study were performed in triplicate at a constant temperature of 18°C.
We did a number of repeat tests for every individual test condition. The results (changes of permeability, PSD and thickness of gouge) were very reproducible, so we only present the results from one test for each test condition here.
Experimental Results
3.1. Permeability Data 3.1.1. Effect of Gouge Grain Size Initial permeability measurements were made on unfilled (no gouge) macrofractured samples at effective pressures from 5 MPa to 60 MPa as a baseline. Measurements were then repeated on the same samples but filled with 0.6 mm thick layers of preprepared synthetic fault gouge of different grain sizes. The changes in permeability as functions of increasing effective pressure and gouge grain size are shown in Figure 3 .
As expected, the presence of a macrofracture increases the sample permeability significantly for all cases, whether unfilled or filled with a gouge layer, from about 10 À20 m 2 for an intact sample [Nara et al., 2011] to within the range of 10 À17 -10 À14 m 2 . Permeability also decreases with increasing effective pressure in all cases, with the largest decrease seen for the unfilled sample, which had the highest starting permeability.
A nonlinear relationship between permeability and effective pressure was observed for the unfilled sample in Figure 3 , with permeability dropping by a factor of 15 over the pressure range from 5 to 25 MPa followed by a much more gradual decrease by a further factor of 5 over the pressure range from 25 to 60 MPa. By contrast, all the samples with gouge-filled fractures exhibited a quasi-linear decrease in permeability with increasing effective pressure, which is consistent with the observations of Zhang et al. [2001] and Crawford et al. [2008] . In particular, the sample with its fracture filled with the finest gouge (≤63 μm) has the lowest permeability, which decreases by only about 20% from around 7 × 10 À17 m 2 to around 5.5 × 10 À17 m 2 over the full pressure range and which is also lower than the permeability of the unfilled sample at all effective pressures. In between these end-member cases, the permeability of samples with macrofractures filled with gouges of Figure 3 . Permeability of macrofractured sample with no gouge and with gouge layers of the same thickness (0.6 mm) but different grain sizes of ≤63, ≤108, ≤125, ≤250, and ≤500 μm, under elevated effective pressure.
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10.1002/2016JB013363 particle sizes ≤108, ≤125, ≤250, and ≤500 μm behave remarkably similarly. Their absolute permeabilties are extremely similar, and their variation with effective pressure is almost identical; decreasing by about half an order of magnitude from 7 × 10 À16 to 2 × 10 À16 m 2 over the full pressure range. We also note that the permeability of all these latter samples is lower than for the unfilled fracture up to 35 MPa but higher at all effective pressures above this value. The data of Figure 3 clearly show a significant difference in behavior between the finest grain size gouge and all the other gouges, which agrees with the observations of Krumbein and Aberdeen [1937] that the behavior of gouge changes significantly at a critical grain size of 63 μm. It seems likely that the presence of particles with sizes > 63 μm act to prop open the fracture and hence increase its permeability. Such a process would also explain why the permeability of the samples with coarser-grained gouges is higher than the unfilled fracture at the higher effective pressures.
As noted earlier, all permeability data reported here are sample permeabilities, with the value for A in equation (1) being the total cross-sectional area of the fractured cylindrical sample plus the cross-sectional area of the gouge layer (when present). However, the data of Figure 3 show clearly that the permeabilities of all gouge-filled samples are multiple orders of magnitude higher than that of the intact, unfractured basalt (around 10 À20 m 2 ) [Nara et al., 2011] . There is therefore negligible flow through the matrix, and we are essentially measuring the permeability of the gouge layer. The relationship between sample permeability and "gouge" permeability is discussed in detail later in section 4.1.3.
Effect of Gouge Thickness
Several authors have reported that gouge thickness is an important factor influencing fluid flow in fractured rocks [Deming, 1994; Watts, 1987] . We have therefore investigated the effect of gouge thickness on permeability using subsets of our gouges with grain sizes of ≤63 μm and ≤250 μm. We used the same methodology to measure the permeability of samples with gouge thickness from 0.2 mm to 1.9 mm for the ≤63 μm gouge and from 0.3 mm to 2.0 mm for the ≤250 μm gouge, respectively. The results are presented in Figure 4 .
For the fine-grained gouge, the results show that permeability changes very little with increasing gouge thickness, changing by only about 50% over the whole effective pressure range studied. Also, there does not appear to be any consistent variation with thickness. However, the permeability always remains lower than that of the unfilled fracture for all pressures and all thicknesses. By contrast, results for the coarsergrained gouge show that permeability increases consistently with increasing gouge thickness for all effective pressures. Furthermore, the change in permeability is larger than for the fine-grained gouge, with the permeability increasing by a factor of between 2 and 3 as gouge thickness is increased from 0.3 mm to 2.0 mm. These increases change the point at which the permeability of the gouge-filled fracture becomes higher than the unfilled fracture. For the thickest gouge layer (2.0 mm), the permeability of the gouge filled fracture becomes higher than that of the unfilled fracture at an effective pressure of around 25 MPa. This permeability crossover pressure increases with decreasing gouge thickness, until for the thinnest gouge layer (0.3 mm) the permeability of the gouge layer remains below that of the unfilled fracture at all pressures up to the maximum of 60 MPa. This observation supports our previous suggestion that the coarser-grained gouges act to prop open the fracture, with thicker gouges propping the crack open more and thus increasing its permeability.
Effect of Pressure Cycling
Important rock properties affecting fluid flow, such as fracture opening and closure, are known to be dependent on stress history [Bernabe, 1987; Hadley, 1976; Scholz and Koczynski, 1979; Zoback and Byerlee, 1975] . A hysteresis phenomenon [Scholz and Hickman, 1983; Wissler and Simmons, 1985] has also been reported during permeability measurements on sandstone, granite [e.g., Bernabe, 1987; Morrow et al., 1986; Wong, 1990] , and fault gouge Rutter, 1998, 2000] during pressure cycling. We therefore investigated the effect of cyclic pressurization and depressurization on our macrofractured samples. Baseline permeability measurements were first made on a sample with an unfilled fracture. This was followed by measurements on samples with fractures filled with 0.6 mm thick layers of gouges with grain sizes of ≤63 μm, ≤125 μm, and ≤250 μm. All measurements were made at each value of effective pressure using the same protocol. Effective pressure was increased in 5 MPa steps from 5 MPa to 40 MPa and then in 10 MPa steps from 40 MPa to 60 MPa, with an exactly similar set of measurements made during depressurization in a reverse stepwise manner. Cycles of pressurization and depressurization were then repeated until the permeability reached steady state (i.e., no further changes were seen on subsequent cycles). The number of cycles required to reach steady state varied from 3 to 12 and depended on the characteristics of the gouge.
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The results of our pressure cycling permeability measurements are shown in Figure 5 . Here for clarity, we plot all the data from the first three cycles plus the data from the cycle where the permeability reached steady state. Figure 5a shows the evolution of permeability in an unfilled fracture during pressure cycling. As before, the permeability decreases rapidly as effective pressure is increased up to around 25 MPa and decreases at a much lower rate at higher pressures. The initial rapid decrease appears to be maintained in every cycle, but the rate of decrease at higher pressure decreases markedly with increasing cycle number. A large permeability hysteresis is observed on the first cycle, with the permeabilities during depressurization being much lower than during pressurization at the same effective pressure. The permeability does not recover its initial value on depressurization, so the observed hysteresis involves inelastic as well as elastic processes. However, the magnitude of the hysteresis is significantly reduced on each successive cycle, until eventually a purely elastic hysteresis loop is observed on the final cycle (12th in this case) with the permeability fully recovering its starting value for that cycle on depressurization. Overall, however, the steady state permeability on the 12th cycle is a factor of 6 lower than the initial value at 5 MPa and a factor of 2.5 lower at 60 MPa.
The permeability of samples with gouge-filled fractures also decreases during progressive pressure cycling, but much less than for the unfilled fracture. We also note that the permeability in these samples reach steady state over fewer cycles than for the unfilled fracture. The permeability of the sample with its fracture filled with the finest-grained gouge (≤63 μm) appears less sensitive to pressure cycling than those with the coarser-grained gouges (Figure 5b ), exhibiting minimal hysteresis. Only a small overall reduction in permeability is observed, reaching steady state after only three cycles. By contrast, the samples with coarser ≤125 μm and ≤250 μm gouges require eight and nine cycles, respectively, to reach a steady state permeability (Figures 5c and 5d ). Again, they exhibit a nearly linear change in permeability with change in effective pressure, both increasing and decreasing. They also show significant hysteresis during the first cycle, but very little during subsequent cycles. Overall, the permeability reduction between values on the first cycle and the steady state values varies between a factor of 2 and 4, somewhat higher than for the fine-grained gouge but much lower than for the unfilled fracture.
Gouge Thickness and Particle Size Distribution Analysis
Since our experiments are necessarily conducted inside a pressure vessel, it is not possible to directly observe the micromechanisms within the gouge material responsible for the observed differences in measured permeability. Thus, the links between our experimental results and the particle dynamics that are responsible for them, including particle rearrangement and fracture, must be inferred indirectly from the inelastic deformation of the gouge [Amiri Hossaini et al., 2014] , such as changes in gouge thickness and particle size distribution (PSD) before and after the tests [Mair et al., 2002] .
Gouge Thickness Reduction
As confining pressure is increased, the thickness of the gouge layer is expected to decrease as it compacts [Bésuelle et al., 2000; Bied et al., 2002; Haied and Kondo, 1997; Skurtveit et al., 2013; Uehara and Shimamoto, 2004] . Such compaction is generally reflected in grain reorganization and porosity loss [Mair et al., 2002 ; Figure 4 . Permeability of samples filled with different gouge thicknesses under increasing effective pressure for gouge made of (a) ≤63 μm size particles and gouge made of (b) ≤250 μm size particles.
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10.1002/2016JB013363 Zhang and Tullis, 1998; Zhang et al., 2001] . We determined the reduction in gouge thickness by measuring the sample diameter perpendicular to the fracture (i.e., D + T G as in Figure 1d ) after testing over different numbers of pressure cycles and comparing this with the initial value. In order to avoid any gouge particle breakage during depressurization, we reduced the pressure at a very low rate (less than 1 MPa min À1 ). The results of our measurements are shown in Figure 6 . Figure 6a shows that for the same initial gouge thickness, the reduction in thickness after a single pressure cycle increases with the gouge particle size, which is consistent with the conclusions of Haied and Kondo [1997] , Bésuelle et al. [2000] , Bied et al. [2002] , and Skurtveit et al. [2013] . Specifically, the thickness reduction in ≤63 μm gouge is only about 1.7%, while in the coarser-grained gouges of ≤125 μm, ≤250 μm, and ≤500 μm the reductions are 5.9%, 7.2%, and 10.6%, respectively. Following further pressure cycling to reach steady state permeability, the thickness of the ≤63 μm gouge shows no further reduction, while that of the ≤125 μm and the ≤250 μm gouges reduce further from 5.9% to 6.8% and from 7.2% to 8.3%, respectively. In Figure 6b , we show the dependence of gouge thickness reduction after a single pressure cycle on initial gouge thickness for two different grain sizes (≤63 μm and ≤250 μm). It is clear that the thickness reduction increases with increasing initial thickness but that it appears to approach a limiting value with increasing thickness. As expected from our earlier results (Figure 6a ), the thickness reduction is significantly higher in the coarser-grained gouge.
Changes in PSD
The thickness changes we measured in our gouges may result not only from the rearrangement of gouge particles but also from their comminution, resulting in enhanced compaction [Crawford et al., 2008; Guo and Morgan, 2006; Hardin, 1985; Mair and Abe, 2011; Mair et al., 2002; Sreenivasulu et al., 2014; Uehara and Shimamoto, 2004] . If particle comminution is a significant process in our experiments, then we would expect this to be reflected in changes in the particle size distribution (PSD) of our gouges before and after pressurization [Hardin, 1985] . We therefore measured the PSD of all our gouges before testing and after different numbers of pressure cycles, as shown in Figure 7 . shows that the PSD for the finer-grained gouges (≤63 μm, ≤108 μm, and ≤125 μm) both pretest and after different numbers of pressure cycles (indicated on the figure) . All of these gouges have unimodal distributions, with the peak values being 20 μm (3.7%) for the ≤63 μm gouge, 40 μm (4.6%) for the ≤108 μm gouge, and 36 μm (3.8%) for the ≤125 μm gouge. After pressure cycling to 60 MPa, regardless of the number of cycles, there is no discernible change in the PSD of the ≤63 μm gouge. This suggests that all the measured thickness reductions for the finest-grained gouge was due solely to particle rearrangement in the gouge layer. There is a very small change in the PSD of the ≤125 μm gouge, just discernible for the largest particles in the PSD. This suggests the onset of a small amount of comminution at this grain size. By contrast, Figure 7b shows that the coarser-grained gouges (≤250 μm and ≤500 μm) have bimodal distributions, with the peak values being 30 μm (3.2%) and 178 μm (2.24%) for the ≤250 μm gouge and 35 μm (1.3%) and 450 μm (6.5%) for the ≤500 μm gouge. Figure 7b also shows that after pressure cycling, regardless of the number of cycles, there is a change in the PSD for all these gouges. In both cases, there is a reduction in the percentage of particles in the higher peak and an increase in the percentage of particles in the lower peak. For the ≤250 μm gouge the change is rather modest after one pressure cycle, but there is a significant reduction in the proportion of particles in the higher peak after nine pressure cycles (where the permeability reaches its minimum, steady state value). The change of PSD is most marked in the ≤500 μm gouge, where a significant decrease in the higher peak and a significant increase in the lower peak are observed after only a single pressure cycle. These observations suggest that the measured thickness reductions for these coarser gouges involve a significant amount of particle comminution in addition to particle rearrangement. The degree of particle comminution also appears to increase with increasing grain size.
4. Discussion 4.1. Effect of Gouge Characteristics on Permeability 4.1.
Comparison of Permeability With and Without Gouge
The introduction of a macrofracture into a previously intact rock sample with very low matrix permeability increases permeability dramatically, as shown in Figure 3 . The addition of a gouge layer within the fracture decreases its permeability, but it still remains significantly higher than for the intact material (Figure 3) . However, whether the fracture is unfilled or filled with gouge, the permeability always decreases as effective pressure is increased. These observations are entirely consistent with earlier studies which showed that both fracture aperture and fluid conductivity decrease sharply with depth (cf. pressure) due to elastic deformation of fracture surfaces and inelastic degradation of asperities [Amiri Hossaini et al., 2014; Goodman, 1976; Kamali and Pournik, 2016; Nara et al., 2011; Patton, 1966; Pyrak-Nolte et al., 1987; Sagy et al., 2007; Walsh and Grosenbaugh, 1965; Zhang and Sanderson, 1996] . The addition of a gouge layer within a fracture transfers the deformation from the fracture surfaces to the gouge particles [Hoek and Bray, 1981] . Gouge porosity therefore decreases progressively with increasing effective pressure due to elastic grain deformation, Figure 6 . Gouge thickness reduction for (a) gouges of different grain sizes but the same initial thickness (0.6 mm here) after the first pressure cycle (postcycle 1) and after the number of pressure cycles required to reach steady state (postcycle N; number of cycles indicated on the Figure) and (b) gouges of different thicknesses and two grain sizes (indicated) after one pressure cycle.
Journal of Geophysical Research: Solid Earth
10.1002/2016JB013363
inelastic grain rearrangement, and comminution [Crawford et al., 2008; Rutter, 1998, 2000; Morrow et al., 1984; Morrow et al., 1986; Nara et al., 2011] .
Fractures are more compliant and close more easily at low stress due to the nonlinear relationship between fracture closure and normal stress [Brown and Scholz, 1985; Goodman, 1976; Min et al., 2004 ; U.S. National Committee for Rock Mechanics, 1996] . This is especially true for mated fractures, fractures with zero shear offset. Such fractures have very low aspect ratios [Nara et al., 2011] , such that the fracture surfaces need only a low effective pressure to come into contact. Fractures become stiffer at higher effective pressures [Goodman, 1976] , and higher normal stresses are required to reduce the fracture aperture further [Goodman, 1976 ; U.S. National Committee for Rock Mechanics, 1996] . We see all these features in our permeability measurements. While sample permeability depends on fracture aperture, the permeability of unfilled mated fractures here also shows a nonlinear correlation with normal pressure, as shown in Figure 3 , which is consistent with the results of Min et al. [2004] and Nara et al.
[2011].
The picture is very different for gouge-filled fractures. Gouge layers which have undergone the same pressure history exhibit only small reductions in thickness (hence, only small reductions in porosity) and only limited or no change in their PSD as shown in Figures 6a and 7 . Gouge particles can fill the apertures of mated macrofractures easily, but the voids between the grains within the gouge are much more difficult to close, even under relatively high effective pressure. Therefore, we observe that gouge-filled samples exhibit lower permeabilities than unfilled macrofractures at low effective pressure and that the permeability gradient as a function of increasing effective pressure is much lower. Hence, the permeability of samples with gouge-filled fractures can exceed that of samples with unfilled fractures above a certain effective pressure (Figure 3 ). This observation has parallels with the observation of Nara et al.
[2011] on samples containing both microfractures and macrofractures. They report that the easily closed macrofractures dominated the overall permeability at low effective pressure, while the harder-to-close microfractures increasingly dominated the permeability at higher effective pressure. We have also shown that the grain size of the gouge exerts a strong influence on the permeability. In particular, the finest-grained gouge (≤63 μm) behaves very differently from all the coarser gouges. Unlike the coarser-grained gouges, the fine-grained gouge shows no evidence of any grain comminution and only a minimal thickness reduction of 1.7% after a single pressurization/depressurization cycle (Figures 6a and 7) . We suggest that the fracture aperture can be much more easily filled by the wellpacked, fine-grained gouge (which contains particles of all sizes less than 63 μm) and that the void spaces between these small gouge particles are harder to close than the larger voids between the larger particles in the coarser-grained gouges. This explains not only why samples filled with ≤63 μm gouge have the lowest permeabilities (always lower than that of the unfilled fracture; Figure 3 ) but also why the permeability decreases the least with increasing effective pressure (Figure 3) .
The relationship we observe between sample permeability and gouge grain size is not entirely consistent with previous observations by Beard and Weyl [1973] and Morrow et al. [1984] , who found that permeability was proportional to gouge grain size, gouge porosity, and crack aperture. However, we attribute this 
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difference to the different grain size distribution of the gouges used in our experiments. Our gouges contained particles of all sizes below an upper limit, while those of these previous studies contained particles of uniform size. In our gouges, first, the finer grains within the distribution are able to infill the void spaces between the coarser grains and hence act to lower the permeability of the gouge [Biegel et al., 1989] . Second, we observe much stronger grain comminution and much larger reductions in gouge thickness following pressurization for gouges with increasing maximum grain size (Figures 6a and 7) . These observations indicate that more inelastic compaction (and greater commensurate reduction in porosity) occurs in gouges containing coarser grains, in agreement with the conclusions of Wong [1990] and Sreenivasulu et al. [2014] . Third, we also need to consider the influence of gouge layer thickness. Figure 4b shows that the permeability of a sample containing a layer of coarse-grained gouge is sensitive to layer thickness and increases with increasing thickness (especially, up to 1.1 mm). This suggests that the influence on permeability of particle packing within a coarse-grained gouge layer may overwhelm the influence of the gouge grain size during a single pressurization cycle. In turn, this may explain why fractures filled with a gouge layer of the same initial thickness, but different particle sizes (discounting the finest gouge) exhibit very similar permeabilities over the whole pressure range, as shown in Figure 3 .
Effect of Pressure Cycling on Permeability
While this is the first systematic study of how the permeability of gouge-filled macrofractures respond to stress history during pressure cycling, several complementary studies have made somewhat similar measurements on intact crystalline rock [Morrow et al., 1986] and natural fault gouge Rutter, 1998, 2000] . The permeability of intact crystalline rocks was found to decrease on pressure cycling but then found to recover its initial value after an extended period following depressurization, regardless of the applied confining pressure [Morrow et al., 1986] . Such an elastic behavior suggests both elastic hysteresis due to reversible deformation of preexisting microcracks, and time-dependent relaxation hindered by friction at contacts between the rough crack surfaces [Walsh, 1965] , such that they are unable to reopen immediately upon pressure release [Morrow et al., 1986] . Significant permeability hysteresis was observed in fault gouge during the initial pressure cycle Rutter, 1998, 2000; Morrow et al., 1984] , but this gradually reduced with increasing cycling number until a constant value was achieved for any given effective pressure after about 10 cycles [Faulkner and Rutter, 2000] . However, the permeability of the gouge neither decreased nor increased during extended hold times between pressure cycles, suggesting that the permeability hysteresis arose primarily from irreversible or inelastic compaction caused by the rearrangement of phyllosilicate particles, and without any appreciable time-dependent elastic compaction Rutter, 1998, 2000] .
Reversible deformation of the macrofractured sample and slow stress relaxation in comparison to the test duration can likely explain part of permeability hysteresis of the unfilled sample, e.g., the elastic hysteresis loop at steady state (the 12th cycle here) observed in Figure 5a . However, both the permanent permeability hysteresis (or inelastic hysteresis) in each cycle and the observation that the largest reduction in permeability occurs after the first cycle, with all subsequent cycles having decreasing magnitude of hysteresis until no further change is seen with cycles, cannot be explained by the conclusions drawn by Morrow et al. [1986] and Rutter [1998, 2000] . Rock fractures consist of rough surfaces with asperities at the macroscopic scale (primary asperities) and microscopic scale (secondary asperities) [Lee et al., 2001; Patton, 1966] . During confining pressure cycling, these rough surfaces have cyclic loads applied on small asperities interacting with each other on either side of the experimental fracture. Stress at such small asperities can be high and where asperity contacts are small, stress can exceed the local strength of the rock leading to the elastic/inelastic deformation of the asperities [Pyrak-Nolte et al., 1987; Scholz and Hickman, 1983] . Asperity deformation with cyclic pressurization will result in a change in the average macrofracture aperture, which has a significant effect on permeability. Elastic deformation occurs on both primary and secondary asperities where normal stress is applied (i.e., no shear stress), while inelastic deformation occurs at secondary asperities during pressure loading, which means only elastic deformation occurs during pressure unloading [Matsuki et al., 2008; Pyrak-Nolte et al., 1987] . The variation in asperity deformation during unloading and loading processes and the slow strain relaxation of asperities compared to the duration of tests lead to the occurrence of hysteresis in fracture opening and closure [Goodman, 1976; Matsuki et al., 2008; Morrow et al., 1986] . However, the irreversible part of the hysteresis that is caused by the degradation of secondary asperities is not equal for each load cycle, suggesting that the majority of secondary asperities were deformed during the first loading cycle, and the amount of asperity deformation decreases with each subsequent cycle until no further change
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is seen [Bernabe, 1987; Lee et al., 2001; Scholz and Hickman, 1983] . It is likely that the smallest asperities with high stress concentrations break first, and once the asperity is deformed, the contact area is larger and below the contact strength. The reversible part of the hysteresis due to the elastic deformation of asperities in each cycle becomes more apparent as the secondary asperities are degraded with increasing pressure cycles, until eventually only the reversible hysteresis loop is observed as steady state is reached, similar to the hysteresis loops described by Walsh [1965] and Tutuncu et al. [1997] . Due to the nonlinear relationship between fracture closure and normal stress [Brown and Scholz, 1985; Goodman, 1976; Min et al., 2004 ; U.S. National Committee for Rock Mechanics, 1996] , this hysteresis is more appreciable at lower pressures. It is clear therefore that there is a subtle contribution of both elastic and inelastic processes occurring that contribute to the permeability hysteresis observed in Figure 5a .
The permeability hysteresis observed in Figures 5b-5d on our gouge-filled samples agree with the results of Rutter [1998, 2000] on natural fault gouge showing that the permeability reduction of gouge is primarily the result of irreversible reshuffling of gouge grains. However, our data do show some differences. By comparing the permeability results of unfilled and filled samples in Figure 5 , we found some of the results for the unfilled sample also hold true for gouge-filled fractures. While the microscale mechanisms are different, the addition of a gouge layer in the fracture transfers the deformation from asperities on the fracture wall to the gouge grains [Amiri Hossaini et al., 2014; Hoek and Bray, 1981] . From Figures 5b-5d , the irreversible permeability reduction hysteresis was also only observed during the increasing pressure stage of the cycles before it disappears, suggesting that the inelastic deformation of gouge caused by grain rearrangement and/or comminution [Crawford et al., 2008; Rutter, 1998, 2000; Morrow et al., 1984; Morrow et al., 1986; Nara et al., 2011] occurs only under increasing pressure part of the cycle. Thus, the significant reduction in permeability of the fault gouge occurred after the first loading process rather than after initial pressure cycle, as shown by Morrow et al. [1984] and Rutter [1998, 2000] . The thickness reduction (inelastic deformation) of gouge after the first loading cycle (Figure 6 ) accounts for the majority of the reduction in gouge thickness achieved after the steady state is reached, explaining why the significant permeability hysteresis is observed after the first cycle and decreasing with increasing cyclic loading. The changes in PSD (Figure 7 ) during the first loading process of the finer grained gouge indicates that it is primarily grain rearrangement of gouge that caused the inelastic deformation of gouge and permeability reduction, but for gouge containing grains coarser than 125 μm, some grain comminution was also observed. Successive pressure cycles show that no further changes of either thickness or PSD of the gouge was observed for the finest grained material. This explains why the ≤63 μm gouge reached a steady state immediately after the first loading cycle. By contrast, further PSD changes were observed for the larger particles in gouges containing coarser grains, indicating that particle comminution is more prevalent for larger grains. This explains why further permeability hysteresis in Figures 5c and 5d and further thickness reduction in Figure 6a were observed for gouges containing larger grains before they reached steady state.
As discussed in section 3.1.1, after the initial pressure loading, similar permeabilities were measured in samples filled with coarser grain gouges, for instance, ≤125 μm and ≤250 μm gouges here (Figure 8 ). It might be expected that after pressure cycling, the sample filled with ≤250 μm gouge would have a lower permeability than that filled with ≤125 μm gouge, as it would experience larger amounts of grain comminution and a larger porosity loss than that of the ≤125 μm gouge, as showed in Figures 6a and 7 . In fact, the opposite Figure 8 . Comparison of the effect of pressure cycling on the same thickness (0.6 mm here) of gouges with coarse grains (≤125 μm and ≤250 μm here) with that of fine-grained gouge (≤63 μm, dashed line) as the baseline. Square, circle, and triangle symbols represent data after the first loading process, the first unloading process, and the final unloading process when they reach steady status, respectively.
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occurs, and even from the first unloading cycle, the permeability of sample filled with ≤250 μm gouge is greater than that of sample filled with ≤125 μm gouge, as the solid lines with circles show in Figure 8 . This difference becomes greater with increased cycling until the permeability reaches a minimum value as steady state is reached. This final permeability is greater than that of the ≤63 μm gouge (lines with circles in Figure 8 ), which indicates an increasing influence of denser grain packing on permeability. The suggestion that sample permeability is proportional to its grain size [Beard and Weyl, 1973; Morrow et al., 1984] should be also correct for gouges with a wider range of grain sizes, as long as they are densely packed.
Thus, we can conclude that independent of sample type, i.e., intact, fractured (both microfractured and macrofractured ones) or gouge filled, the stress history of the material must be specified in order to fully describe the permeability dependence on effective pressure, in agreement with the results of Morrow et al.
[1986] on intact samples.
Comparison of Sample Permeability and Gouge Permeability
As noted earlier, gouge thickness is considered to be an important factor influencing the sealing capacity of faults. However, very few previous studies have been conducted to measure the effect of gouge thickness on permeability.
The lowest permeability measured for any of our samples with gouge-filled fractures was approximately 6 × 10 À17 m 2 (for ≤63 μm gouge; Figure 3 ), which is more than 3 orders of magnitude higher than that of the intact basalt [Nara et al., 2011] . Therefore, fluid flow through the intact basalt matrix is essentially negligible compared with flow through the gouge layer in our macrofractured samples. Thus, the fluid flow through the gouge is essentially equal to the fluid flow through the whole sample. Using this assumption, we can compare directly the sample permeability k with the gouge permeability k g simply by comparing their cross-sectional areas.
Hence,
where A is the cross-sectional area of the intact sample, D is the sample diameter, and t is the thickness of the gouge layer. For samples with gouge layers of the same thickness but of different grains size, the sample permeability is then directly proportional to the permeability of the gouge layer. For a gouge layer thickness of 0.6 mm, as shown in Figure 3 , the ratio k g /k is about 50. Figure 9 shows the comparison between sample permeability and gouge permeability for the data of Figure 3 .
We can also use the relationship (2) to analyze the influence of layer thickness on gouge permeability. We note from Figure 4 that sample permeability increases with increasing gouge layer thickness (especially for the coarser-grained gouge). However, it is also clear that the proportional increase in sample permeability is smaller than the proportional increase in thickness. The data of Figure 4 are therefore recalculated and replotted as gouge permeabilities in Figure 10 . Figure 10 shows clearly that gouge permeability actually decreases with increasing layer thickness for both the ≤63 μm and ≤250 μm gouges. This observation may seem counterintuitive but is entirely supported by the complementary observation that the percentage reduction in gouge layer thickness on pressurization increases with increasing thickness (see the data of Figure 6b ). Reduction in layer thickness implies a reduction in porosity which, in turn, is entirely compatible with a reduction in permeability. This observation is also in agreement with results reported by Aharonov and Sparks [1999] that greater compaction occurs in thicker granular layers due to stronger internal grain rearrangement and comminution. Figure 10 also shows that the permeability decrease in fine-grained gouge is significantly more sensitive to thickness change than that in coarse-grained gouge, even though there is significantly less reduction in thickness of fine-grained gouge when it is pressurized (see Figure 6b) . Therefore, we suggest that overall sample permeability depends both on gouge thickness and on gouge permeability which, in turn, decreases with thickness and is sensitive to grain size.
Implications for the Permeability of Natural Fractures
In nature, fractures can be either open (e.g., joints) or gouge filled (e.g., shear faults). The presence of gouge in fractures has a major influence on their permeability [e.g., Caine et al., 1996] . Our results suggest that at shallow depths, unfilled fractures or joints will have higher permeability than gouge-filled fractures. However, there is a crossover depth at which this changes and unfilled fractures such as well-mated joints close sufficiently for their permeability to become lower than that of gouge-filled fractures. This is because the distribution of particle sizes in the gouge, commonly observed to be fractal [Sammis et al., 1986] , is able to maintain some open porosity which continues to provide pathways for fluid flow even at greater depth. This has potentially important implications for fluid flow through jointed rocks masses which have commonly been thought to act as conduits for high fluid flux, since at greater depths their permeability may be lower than that of rock masses characterized by gouge filled shear fractures.
Many natural fractures are also subject to temporal variations in effective pressure, whether it be changes in fault normal stress or coseismic changes in fluid pressure. Such cyclic loading can alter the particle size distribution of fracture filling gouge through changes in grain packing and particle comminution, and this will in turn change the permeability and hence the crossover depth. Furthermore, it is well known that particle size distribution evolves with shear displacement, but our results show that this can also be achieved by the cycling of effective pressure without any need for shear displacement. This observation has implications for both natural cyclic loading cases, but, in particular, for anthropogenic processes involving the extraction or injection of fluids into crustal rocks.
Conclusions
Progressive decrease in aperture of unfilled fractures and in porosity of gouge in filled fractures with increasing effective pressure results in reduction of sample permeability. However, the permeability reduces much faster in unfilled mated samples due to the nonlinear relationship between fracture closure and normal stress. The presence of a gouge layer generally lowers the permeability of fractures at low effective pressure. However, where fractures are filled with coarse-grained gouge, the sample permeability can become higher than the fracture permeability above some critical pressure due to the propping open of the fracture by coarse grains and the difficulty of closing voids between grains. The permeability of gouge-filled samples shows a positive relationship with gouge grain size. The results might be not always the case if the gouge packing experiences only a single pressurization process, as inelastic compaction might overwhelm the influence of grain size on permeability. This is especially true for gouge with coarse grains. Due to the greatly reduced inelastic compaction of gouge, grain size of gouge becomes a primary control on sample permeability with further and greater pressure loading. Thus, to discuss the effect of grain size, the stress history of gouge must be specified.
Pressure cycling has a big impact on permeability evolution of both unfilled and filled samples. During pressure cycles, both elastic and inelastic deformation of sample materials occur to adjust the permeability of sample, but inelastic deformation of sample materials only happens during loading, which causes the permanent permeability loss of sample. The inelastic deformation of sample materials is much stronger during the first loading cycle than that of the following cycles. But due to the slow strain relaxation of asperities on fracture surfaces compared to the duration of tests, reversible hysteresis is still observed as the steady status is reached, while because the deformation of gouge-filled samples mainly rely on the rearrangement or comminution of grains in the gouge, which cause limited elastic deformation, no reversible hysteresis exists. Pressure cycling also influences the deformation mechanism of gouge. During the first pressure cycle the grain rearrangement of gouge accounts for the most inelastic deformation, but with further cycles, grain comminution contributes in gouge containing coarse grains. The effect of grain comminution is stronger with increasing grain size.
Generally, sample permeability depends on both gouge thickness and its permeability, which decreases with gouge thickness due to increased porosity loss under the same experimental conditions. There is no unified correlation between sample permeability and gouge thickness. Gouge containing coarse grains is less sensitive to thickness change than that of fine-grained gouge. We observe a positive correlation between sample permeability and its thickness, while for fine-grained gouge, their relationship is still unclear; more work needs to be done in the future.
